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Abstract: The pathogenic bacteria Clostridium difficile, Clostridium perfringens and Clostridium botulinum
produce the binary actin ADP-ribosylating toxins CDT, iota and C2, respectively. These toxins
are composed of a transport component (B) and a separate enzyme component (A). When both
components assemble on the surface of mammalian target cells, the B components mediate the entry
of the A components via endosomes into the cytosol. Here, the A components ADP-ribosylate G-actin,
resulting in depolymerization of F-actin, cell-rounding and eventually death. In the present study, we
demonstrate that 4-bromobenzaldehyde N-(2,6-dimethylphenyl)semicarbazone (EGA), a compound
that protects cells from multiple toxins and viruses, also protects different mammalian epithelial cells
from all three binary actin ADP-ribosylating toxins. In contrast, EGA did not inhibit the intoxication
of cells with Clostridium difficile toxins A and B, indicating a possible different entry route for this
toxin. EGA does not affect either the binding of the C2 toxin to the cells surface or the enzyme activity
of the A components of CDT, iota and C2, suggesting that this compound interferes with cellular
uptake of the toxins. Moreover, for C2 toxin, we demonstrated that EGA inhibits the pH-dependent
transport of the A component across cell membranes. EGA is not cytotoxic, and therefore, we propose
it as a lead compound for the development of novel pharmacological inhibitors against clostridial
binary actin ADP-ribosylating toxins.
Keywords: Clostridium difficile CDT; Clostridium perfringens iota toxin; Clostridium botulinum C2 toxin;
binary toxin; EGA
1. Introduction
The pathogenic clostridia Clostridium (C.) difficile, C. perfringens and C. botulinum produce the
binary protein toxins CDT [1–4], iota [5–8] and C2 [9–11], respectively, which enter mammalian cells
and directly modify the actin cytoskeleton, which results in cell-rounding and, finally, apoptotic cell
death. These toxins are composed of two separate proteins, which must form complexes on mammalian
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target cells to exhibit their cytotoxic effects [12,13]. The proteolytically-activated binding/translocation
(B) components of these toxins form ring-shaped heptamers (B7), which bind to their cell surface
receptors [14–17]. CDTb and Ib, the B components of CDT and iota toxin, respectively, bind to a protein
receptor on the cell surface, namely the lipolysis-stimulated receptor (LSR) [18–20]. In addition to LSR,
the integrin CD44 is also involved in the binding of CDT and Ib to cells and in the internalization
of both toxins [21]. In contrast, the B component of C2 toxin (C2IIa) binds to the asparagine-linked
complex and hybrid carbohydrate structures present on all eukaryotic cell types [22].
The A components of the binary toxins bind to their respective cell-bound B components, and
the AB7-toxin complexes are internalized by receptor-mediated endocytosis [23–26]. Within the
acidic lumen of endosomes, the B7 oligomer changes conformation and inserts into the endosomal
membranes, forming trans-membrane channels, which allow the translocation of the unfolded A
components from the endosomal lumen into the cytosol [14,15,23–31]. Besides the pores and the acidic
conditions, particular host cell chaperones are crucial for the translocation of enzymatically-active
A components into the host cell cytosol [32–37]. Once in the cytoplasm, the A components
mono-ADP-ribosylate G-actin at arginine-177 [9,38–45], and this covalent actin modification inhibits
actin polymerization, resulting in a variety of direct and indirect adverse cellular effects, including
cell-rounding, loss of barrier functions in the polarized epithelial layers, cell death and enhanced
adherence of clostridia to gut epithelial cells [46–52].
The clostridial binary toxins are potent enterotoxins and cause severe diseases in humans and
animals. From a medical point of view, CDT contributes to the severe forms of C. difficile infections
(CDI). C. difficile causes severe enteric diseases in hospitalized patients treated with broad-spectrum
antibiotics. The spectrum of CDI ranges from diarrhea to severe, potentially life-threatening
pseudomembranous colitis due to the disturbed gut flora, which allows spore germination and
the growth of C. difficile [53]. Protein toxins, including the large toxins A (TcdA, 308 kDa) and B (TcdB,
270 kDa), which mono-glucosylate the GTPases Rho, Rac and Cdc42 in the cytosol of mammalian cells,
are the causative agents of C. difficile-associated diseases. These toxins inhibit signal transduction via
these Rho GTPases, resulting in the destruction of the actin cytoskeleton, cell-rounding and loss of
intestinal wall integrity [54–56]. However, about 6%–35% of the C. difficile strains produce CDT in
addition to toxins A and B, and this most likely contributes to their hypervirulence and the increased
morbidity/mortality of patients infected with these strains [57–61].
Because such hypervirulent strains are resistant to broad-spectrum antibiotics used to treat other
bacterial infections and allow overgrowth of C. difficile, the development of pharmacological inhibitors,
acting directly on the toxins and protecting cells from intoxication, is an important goal. By performing
high-throughput screening from a library of small molecules to find novel inhibitors against the
anthrax lethal toxin [62], Bradley and co-workers identified the compound 4-bromobenzaldehyde
N-(2,6-dimethylphenyl)semicarbazone (EGA) as a potent inhibitor against multiple bacterial toxins and
viruses, which require trafficking through acidic vesicles to enter the host cell cytosol [63]. In particular,
they found that EGA inhibits the cytotoxic effects that are caused by the anthrax lethal factor in
the cytosol of host cells, suggesting that it might interfere with toxin trafficking between early and
late endosomes; however, the molecular mechanism underlying the inhibitory effect of EGA is not
known [63]. More recently, an optimized synthesis procedure for EGA was developed, and it was
found that this compound prevents the neuroparalytic effects of different botulinum neurotoxin (BoNT)
serotypes, most likely by interfering with toxin trafficking [64].
Prompted by these findings, we investigated the effect of EGA on the binary clostridial actin
ADP-ribosylating toxins CDT, iota and C2, which also require trafficking through acidified endosomal
vesicles in order to identify a novel pharmacological inhibitor against this toxin family.
2. Results and Discussion
EGA protects cells from intoxication with the binary actin ADP-ribosylating toxins CDT, iota and
C2. Vero cells were treated with each of the binary toxins in the presence or absence of EGA, and
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the intoxication process was monitored in terms of cell-rounding, which is a well-established, highly
specific and sensitive endpoint to detect the uptake of the A components of these toxins into the host
cell cytosol. Vero cells express the receptor for CDT and iota toxin and were therefore used as a model
cell line in this study. As shown in Figure 1, these cells treated with the enzyme plus the binding
components of the toxins rounded up due to the ADP-ribosylation of G-actin in the cytosol. Cells that
were pre-treated with EGA showed less cell-rounding, indicating that this molecule interferes with the
mode of action of CDT, iota toxin and C2 toxin (Figure 1A–C). For C2 toxin, the same experiment was
performed using also HeLa cells, and we obtained almost an identical level of protection (Figure 1D).
EGA delayed the intoxication with C2 toxin in a concentration-dependent manner, as tested for EGA
concentrations from 6–100 µM (data not shown). An increased period of EGA pretreatment did not
result in an enhanced protection of cells from C2 toxin (data not shown).
Toxins 2016, 8, 101  3 of 13 
 
the intoxication process was monitored in terms of cell‐rounding, which is a well‐established, highly 
specific and sensitive endpoint to detect the uptake of the A components of these toxins into the host 
cell cytosol. Vero cells express the receptor for CDT and iota toxin and  ere therefore used as a model 
cell line  in this study. As shown  in Figure 1, these cells treate   ith the enzyme plus the binding 
components of the toxins rounded up due to the ADP‐rib s l ti   f  ‐ ctin in the cytosol. Cells that 
were p ‐tr ated with EGA showed less cell‐rounding, indicating that this molecule interf res with 
the mode  f action of CDT, iota toxin and C2 toxin (Figure 1A–C). For C2 toxin, the same experiment 
was  performed  using  also HeLa  cells,  and we  obtained  almost  n  id ntical  level  f  protection   
(Figure 1D). EGA delayed the intoxication with C2 toxin in a concentration‐dependent manner, as 
tested  for  EGA  concentrations  from  6–100  μM  (data  not  shown). An  increased  period  of  EGA 
pretreatment did not result in an enhanced protection of cells from C2 toxin (data not shown). 
 
Figure 1. Cont.
Toxins 2016, 8, 101 4 of 14
Toxins 2016, 8, 101  4 of 13 
 
 
Figure 1. Pre‐treatment with EGA protects cells from intoxication with the binary clostridial toxins 
CDT, iota and C2. Vero or HeLa (for C2 in addition to Vero) cells were pre‐incubated for 1 h at 37 °C 
with  25  and  50  μM  EGA  or  the  solvent  DMSO.  Thereupon,  CDT  (CDTa:  30  ng/mL;   
CDTb: 60 ng/mL) (A), iota (Ia: 25 ng/mL; Ib: 50 ng/mL) (B) or C2 (C2I: 50 ng/mL; C2IIa: 100 ng/mL) 
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of EGA. At the indicated time points, pictures were taken with a Zeiss Axiovert microscope, and the 
percentage of rounded cells was determined for quantitative analysis. Representative pictures after 
2.5 h (CDT), 4 h (iota), 2 h (C2 on Vero cells) and 3 h (C2 on HeLa cells) are shown. Values are given 
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C. difficile toxins A (TcdA) and B (TcdB) (Figure 2). Like the binary actin ADP‐ribosylating toxins, 
Figure 1. Pre-treatment with EGA protects cells from intoxication with the binary clostridial toxins CDT,
iota and C2. Vero or HeLa (for C2 in addit on to Vero) cells were pre-incubated for 1 h at 37 ˝C with
25 and 50 µM EGA or the solvent DMSO. Thereupon, CDT (CDTa: 30 ng/mL; CDTb: 60 ng/mL) (A),
iota (Ia: 25 ng/mL; Ib: 50 ng/mL) (B) or C2 (C2I: 50 ng/mL; C2IIa: 100 ng/mL) ((C): Vero; (D): He a)
was added, and cells were further incubated in th presence of the toxin. For the ontrol (c n), cells
were left u treated or incubated with the respective toxin alone in the absence of EGA. At the indicated
time points, pictures were taken with a Zeiss Axiovert microscope, and the percentage of rounded
cells was determined for quantitative analysis. Representative pictures after 2.5 h (CDT), 4 h (iota),
2 h (C2 on Vero cells) and 3 h (C2 on HeLa cells) are shown. Values are given as the mean ˘ SD
(n = 3); significance was tested between cells treated with the respective toxin in the absence (black
bars) and presence of EGA (grey bars) using Student’s t-test (n.s., not significant; * p < 0.05, ** p < 0.01,
*** p < 0.001).
In contrast, EGA did not inhibit the intoxication of cells with the large Rho-glucosylating C. difficile
toxins A (TcdA) and B (TcdB) (Figure 2). Like the binary actin ADP-ribosylating toxins, these toxins are
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internalized by receptor-mediated endocytosis and deliver their enzymatically-active subunits from
acidic endosomal vesicles into the host cell cytosol [56]. Therefore, this result suggests that EGA might
not interfere with the cellular process in general, but more specifically with regard to the individual
trafficking mechanisms, which are exploited by the respective bacterial toxin. Thus, C. difficile toxins A
and B might exploit different cellular trafficking mechanisms compared to CDT, iota and C2.
Toxins 2016, 8, 101  5 of 13 
 
these toxins are internalized by receptor‐mediated endocytosis and deliver their enzymatically‐active 
subunits from acidic endosomal vesicles into the host cell cytosol [56]. Therefore, this result suggests 
that EGA might not interfere with the cellular process in general, but more specifically with regard 
to the individual trafficking mechanisms, which are exploited by the respective bacterial toxin. Thus, 
C. difficile toxins A and B might exploit different cellular trafficking mechanisms compared to CDT, 
iota and C2. 
 
Figure 2. Pre‐treatment with EGA has no effect on the intoxication with C. difficile toxins A and B. 
Vero or HeLa (for toxin B in addition to Vero) cells were pre‐incubated for 1 h at 37 °C with 25 and   
50 μM EGA or the solvent DMSO. Thereupon, toxin A (7 ng/mL) (A) or toxin B (1 ng/mL) ((B): Vero; 
(C): HeLa) was added, and cells were further incubated in the presence of the toxin. For the control, 
cells were left untreated or incubated with the respective toxin alone in the absence of EGA. At the 
indicated time points, pictures were taken, and the percentage of rounded cells was determined for 
quantitative analysis. Values are gives as the mean ± SD (n = 3). 
Figure 2. Pre-treatment with EGA has no effect on the intoxication with C. difficile toxins A and B.
Vero or HeLa (for toxin B in addition to Vero) cells were pre-incubated for 1 h at 37 ˝C with 25 and
50 µM EGA or the solvent DMSO. Thereupon, toxin A (7 ng/mL) (A) or toxin B (1 ng/mL) ((B): Vero;
(C): HeLa) was added, and cells were further incubated in the presence of the toxin. For the control,
cells were left untreated or incubated with the respective toxin alone in the absence of EGA. At the
indicated time points, pictures were taken, and the percentage of rounded cells was determined for
quantitative analysis. Values are gives as the mean ˘ SD (n = 3).
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Based on these findings, we investigated the mechanism underlying the inhibitory effect of EGA
towards the binary actin ADP-ribosylating toxins in more detail. First, it was tested whether EGA
inhibits the enzyme activity of the A components. To this end, cell lysate was incubated with each of
the enzyme components together with biotin-labelled NAD+ as the co-substrate in the absence and
presence of EGA, and the ADP-ribosylated, i.e., biotin-labelled, actin was analyzed by Western blotting
(Figure 3). Taken together, there were comparable amounts of ADP-ribosylated actin, independent of
whether EGA was present or not.
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pre‐treated in serum‐free medium with 50 μM EGA for 1 h at 37 °C or left untreated for the control. 
Afterwards,  cells were kept on  ice. After  10 min, C2  (C2I:  1  μg/mL; C2IIa:  2  μg/mL) was  added 
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Figure 3. In vitro, treatment with EGA has no effect on the enzyme activity of CDTa, Ia or C2I. (A) C2I,
CDTa or Ia (100 ng each) was pre-incubated for 10 min at 37 ˝C with 50 µM EGA or left untreated
for the control. Thereafter, 20 µg of Vero lysate protein and 10 µM biotin-labelled NAD+ were added,
and the samples were incubated at 37 ˝C for 10 min. Then, samples were subjected to SDS-PAGE and
blotted, and biotinylated (i.e., ADP-ribosylated, indicated as ADP-rib.) G-actin was detected. For the
control, a sample of only Vero lysate (1) and one of Vero lysate with biotin-labelled NAD+ (2 were
additionally analyzed. (B) Comparable amounts of total protein were confirmed by Coomassie staining
of the proteins in the SDS-gel after the blotting process.
This result indicates that EGA did not inhibit the enzyme activity of CDTa, Ia or C2I in vitro.
However, it cannot be excluded that this compound has inhibitory effects on the enzyme activity of
the toxins in vivo.
Next, it was investigated whether EGA might interfere with the uptake of the A components into
the host cell cytosol. C2 toxin was used to prove this hypothesis, because C2 represents the prototype
of the family of binary actin ADP-ribosylating toxins. EGA did not inhibit the binding of C2 toxin to
its receptor on the cell surface, as analyzed by Western blotting of cell-bound toxin (Figure 4).
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Figure 4. Treatment with EGA has no effect on the binding of C2 toxin to cells. (A) HeLa cells were
pre-treated in serum-free medium with 50 µM EGA for 1 h at 37 ˝C or left untreated for the control.
Afterwards, cells were kept on ice. After 10 min, C2 (C2I: 1 µg/mL; 2IIa: 2 µg/mL) was added
followed by further incubation at 4 ˝C for 30 min to enable receptor binding of C2. Thereafter, unbound
toxin was removed by three washing steps with ice-cold PBS, and cells were scraped off in five-fold
SDS sample buffer containing 10% DTT; proteins were separated by SDS-PAGE and blotted, and bound
C2I (i.e., bound C2IIa) was detected using a specific antibody against C2I and peroxidase-coupled
anti-rabbit antibody by the enhanced chemiluminescence (ECL) system. As the control of equal protein
loading, the SDS-gel was stained with Coomassie (B).
Finally, it was tested whether EGA-treatment of cells interferes with the pH-dependent transport
of C2I across cell membranes into the cytosol. During the uptake of C2 toxin into cells, C2I translocates
through pores that are formed by C2IIa in endosomal membranes from the lumen of acidified
endosomal vesicles across endosomal membranes into the cytosol. This step can be investigated
in a direct manner and independent from the other steps of toxin internalization by performing a
well-established assay [14], which mimics the conditions in the lumen of acidified endosomal vesicles
on the surface of living cells. In brief, cells were incubated at 4 ˝C with C2IIa plus C2I to enable the
binding of both components of C2 toxin to the cells. Then, cells with bound C2 toxin were exposed
to a short acidic pulse to trigger the insertion of the cell-bound C2IIa heptamers into the cytoplasmic
membranes, where C2IIa forms translocation pores and C2I directly translocates through these pores
across the membrane into the cytosol. Importantly, the normal uptake of C2 toxin via acidic endosomal
vesicles was blocked by the treatment of the cells with bafilomycin A1, an inhibitor of v-ATPase. In the
cytosol, the translocated C2I subsequently ADP-ribosylates G-actin and induces cell-rounding, which
was monitored to determine the uptake of enzymatically-active C2I into the cytosol. In the presence of
EGA, less cells rounded up, clearly indicating that EGA interferes with the pH-dependent membrane
transport of C2I during the uptake of C2 toxin into cells (Figure 5). Since EGA was not added to the
acidic medium during the pH pulse, it can be excluded that EGA elevates the pH value of the medium,
thereby preventing pore formation and translocation. Moreover, intoxication of cells with C2 toxin
was also reduced by lower concentrations of EGA (12.5 µM; not shown) that do not neutralize acidic
organelles, as demonstrated earlier [63]. However, the precise mode of action of EGA in inhibiting
the membrane transport of the toxin in mammalian cells is not known. So far, it could be speculated
whether EGA blocks the formation of the C2IIa heptameric translocation channel, as described for
PA63 oligomers [63], or interferes with the refolding of C2I in the host cell cytosol.
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Figure 5. Pre-treatment with EGA inhibits the pH-dependent membrane transport of the enzyme
component C2I of the binary C2 toxin in living cells. HeLa cells were pre-incubated in serum-free
medium for 1 h at 37 ˝C with 100 nM bafilomycin (Baf) A1 plus 50 µM EGA or the solvent DMSO.
Thereafter, cells were kept on ice for 10 min. Following this, C2 toxin (C2I: 75 ng/mL; C2IIa: 150 ng/mL)
was added, and cells were incubated for 20 min at 4 ˝C to enable receptor binding. For the control,
the cells were further incubated at pH 4.5 or pH 7.5 for 10 min at 37 ˝C. EGA was not added to the
medium during this step. Thereupon, cells were incubated in neutral medium (pH 7.5) containing
serum, Baf A1 ˘ EGA at 37 ˝C. After 1.5, 2 and 2.5 h, pictures were taken, and for quantitative analysis,
the percentage of rounded cells was determined. Representative pictures after 2 h are shown. Values
are given as the mean ˘ SD (n = 3); significance was tested between C2 and EGA + C2 by using
Student’s t-test (** p < 0.01).
3. Experimental Section
3.1. Materials and Reagents
Cell culture media (MEM) and fetal calf serum were from Invitrogen (Karlsruhe, Germany).
Cell culture materials were obtained from TPP (Trasadingen, Switzerland). The protein molecular
weight marker Page Ruler prestained Protein ladder® was from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). Complete® protease inhibitor was purchased from Roche (Mannheim,
Germany). Biotinylated NAD+ was supplied by R & D Systems GmbH (Wiesbaden-Nordenstadt,
Germany). Bafilomycin (Baf) A1 was obtained from Calbiochem (Bad Soden, Germany), and
2-(4-bromobenzylidene)-N-(2,6-dimethylphenyl)hydrazinecarboxamide (EGA) was synthesized as
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described [64] and provided by Dr. Cesare Montecucco (Department of Biomedical Sciences,
University of Padova, Padua, Italy). Streptavidin-peroxidase was purchased from Roche (Mannheim,
Germany) and the enhanced chemiluminescence (ECL) system from Millipore (Schwalbach, Germany).
The nitrocellulose blotting membrane was from Whatman® (Dassel, Germany). CDTa and CDTb (from
C. difficile strain 196) were expressed as recombinant His-tagged proteins in the Bacillus megaterium
expression system and purified as described earlier [18]. Ia and Ib were purified as described earlier [44].
The recombinant C2I and C2IIa proteins were prepared and activated as described earlier [36,43].
Toxin A and toxin B were purified as described [54,55].
3.2. Cell Culture and Intoxication Assays
HeLa and African green monkey kidney (Vero) cells were cultivated at 37 ˝C and 5% CO2 in MEM
medium, containing 10% heat-inactivated fetal calf serum, 1 mM sodium-pyruvate, 2 mM L-glutamine,
0.1 mM non-essential amino acids and 1% penicillin-streptomycin. Cells were trypsinized and reseeded
three times per week for at most 30 times.
For intoxication experiments, cells were seeded in culture dishes and pre-incubated with EGA or
the vehicle DMSO in serum-free medium for 1 h at 37 ˝C. Control cells were incubated without inhibitor.
Subsequently, CDT, iota toxin, C2, toxin A or toxin B was added, and cells were further incubated
at 37 ˝C with toxin plus inhibitor. After the given incubation periods, the cells were visualized by
using a Zeiss Axiovert 40CFI microscope (Oberkochen, Germany) with a Jenoptik progress C10 CCD
camera (Jena, Germany) to analyze the morphological changes caused by the toxins, and toxin-induced
cell-rounding was taken as an indication of the intoxication process. Finally, cells were counted per
picture (ImageJ software 1.45 (1.47v), NIH, Bethesda, MD, USA, 2013), and the amount of rounded
cells was determined as a percent.
3.3. SDS-PAGE and Western Blotting
For immunoblot analysis, equal amounts of protein were subjected to SDS-PAGE according to the
method of Laemmli [65]. Subsequently, the proteins were transferred to a nitrocellulose membrane
(Whatman, Dassel, Germany). The membrane was blocked for 1 h at RT with 5% dry milk powder
in PBS containing 0.1% Tween-20 (PBS-T) or alternatively overnight at 4 ˝C. For the detection of
the biotin-labelled G-actin, the samples were probed with streptavidin-peroxidase. Bound C2I was
detected by probing the membrane with a specific antibody against C2I [43] for 1 h followed by washing
steps with PBS-T and an incubation with anti-rabbit antibody coupled to horseradish peroxidase
(Santa-Cruz, Heidelberg, Germany). Finally, in each case, the membrane was washed and proteins
were visualized using a chemiluminescence (ECL) system according to the manufacturer’s instructions.
Equal amounts of protein were confirmed by Ponceau S staining of the membrane and Coomassie
staining of the gel.
3.4. ADP-Ribosylation of Actin by C2I, CDTa and Ia in a Cell-Free System
C2I, CDTa or Ia (100 ng in each case) was pre-incubated for 10 min at 37 ˝C with EGA (50 µM) or
left untreated for the control. Subsequently, Vero lysate (20 µg of protein) and biotin-labelled NAD+
(10 µM) were added followed by an incubation of the samples for 10 min at 37 ˝C. Thereupon,
the proteins were subjected to SDS-PAGE and, after blotting onto a nitrocellulose membrane,
biotin-labelled (i.e., ADP-ribosylated) G-actin was detected using Western blotting.
3.5. Binding of C2 Toxin to Its Cell Surface Receptor
HeLa cells were pre-incubated in serum-free medium with EGA (50 µM) for 1 h at 37 ˝C or left
untreated for the control. Afterwards, cells were kept at 4 ˝C. After 10 min, C2 was added followed
by further incubation at 4 ˝C for 30 min to enable C2-binding to its cell surface receptor. Unbound
C2 was subsequently removed by three washing steps with ice-cold PBS, and cells were scraped in
5-fold concentrated sample buffer containing 10% DTT [65]. Proteins were separated by SDS-PAGE
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and blotted, and bound C2I (i.e., bound C2IIa) was detected using a specific antibody against C2I and
peroxidase-coupled secondary antibody.
3.6. Toxin-Translocation across the Cytoplasmic Membrane of Living Cells
The pH-dependent translocation of C2 across endosomal membranes was experimentally
mimicked on the cytoplasmic membranes of intact cells as described earlier [14]. Therefore, HeLa
cells were pre-incubated with Baf A1 (100 nM) in order to block the regular toxin uptake. To test the
influence of EGA on membrane translocation, cells were also pre-incubated with EGA (50 µM) or the
vehicle DMSO for 1 h at 37 ˝C. Next, cells were kept on ice for 10 min followed by an incubation with
C2 for 20 min at 4 ˝C that allowed binding of the toxin to the cell surface, and subsequently, cells were
exposed to an acidic pulse (pH 4.5) for 10 min at 37 ˝C to trigger toxin-translocation across the surface
membrane. For the control, additional wells with toxin-treated cells were treated with neutral medium
(pH 7.5). Thereafter, all cells were further incubated at 37 ˝C in neutral medium containing FCS and
Baf A1 (100 nM) ˘ EGA (50 µM). After the given incubation periods, C2-induced cell-rounding was
monitored and documented by photography. Finally, cells were counted per picture, and the amount
of rounded cells was determined as a percent.
3.7. Reproducibility of the Experiments
All experiments were performed independently at least two times, and the results from
representative experiments are shown in the figures. The quantification was performed by calculating
the values (n = 3) as the means ˘ standard deviation (SD) with the Prism4 Software (Version 4.0,
GraphPad Software Inc., La Jolla, CA, USA, 2003).
4. Conclusions
We have found that the compound EGA delays the intoxication of different cultured mammalian
cells with the binary clostridial toxins CDT, iota and C2, but not with the C. difficile toxins A and B. EGA
had no effect on the enzyme activity of CDTa, Ia and C2I, but inhibited the pH-dependent membrane
transport of C2I in living human cells. Interestingly, EGA was identified before as a potent inhibitor
against the binary anthrax lethal toxin, which is related to the binary clostridial actin ADP-ribosylating
toxins regarding the structure of the B component and the cellular uptake. Moreover, EGA protected
cells and animals from botulinum neurotoxins, which are different from the binary toxins in their
structure, but, just like the binary toxins, translocate their enzyme moiety from acidic intracellular
compartments into the host cell cytosol. EGA does not protect cells from C. difficile toxins A and B,
providing a formal proof that these toxins have different mechanisms to deliver their enzymatic active
subunits into the host cell cytosol than the binary actin ADP-ribosylating toxins.
So far, the molecular mode of action of EGA, which is responsible for the protective effects of
this compound against bacterial protein toxins, is not known. Here, we discovered that EGA inhibits
the pH-dependent membrane transport of C2I, the enzyme component of C2 toxin. However, it is
not clear whether this mode of action is the reason for the inhibitory effects of EGA against the other
toxins, as well.
From the present experiments and the previous finding of the low toxicity in mice (64), EGA
emerges as an attractive lead compound to develop novel broad-spectrum inhibitors against a variety
of bacterial protein toxins, including the binary actin ADP-ribosylating toxins from clostridia, because
it efficiently protects cells without obvious cytotoxic effects.
Acknowledgments: We thank Ulrike Binder for excellent technical assistance. The work was financially
supported by the Deutsche Forschungsgemeinschaft DFG (Grant BA 2087/2-2). Leonie Schnell is a member of the
International School in Molecular Medicine Ulm (IGradU) and thanks IGradU for the support.
Author Contributions: Conceived of and designed the experiments: H.B., L.S. Performed the experiments:
A.K.-M., M.S., L.S. Analyzed the data: H.B., L.S. Wrote the paper: H.B., L.S. Contributed essential materials,
reagents and tools: K.A., C.S., M.R.P., A.M., D.A.T., C.M.
Toxins 2016, 8, 101 11 of 14
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Popoff, M.R.; Rubin, E.J.; Gill, D.M.; Boquet, P. Actin-specific ADP-ribosyltransferase produced by a
Clostridium difficile strain. Infect. Immun. 1988, 56, 2299–2306. [PubMed]
2. Perelle, S.; Gibert, M.; Bourlioux, P.; Corthier, G.; Popoff, M.R. Production of a complete binary toxin
(actin-specific ADP-ribosyltransferase) by Clostridium difficile CD196. Infect. Immun. 1997, 65, 1402–1407.
[PubMed]
3. Gerding, D.N.; Johnson, S.; Rupnik, M.; Aktories, K. Clostridium difficile binary toxin CDT: Mechanism,
epidemiology, and potential clinical importance. Gut Microbes 2014, 5, 15–27. [CrossRef] [PubMed]
4. Stubbs, S.; Rupnik, M.; Gibert, M.; Brazier, J.; Duerden, B.; Popoff, M.R. Production of actin-specific
ADP-ribosyltransferase (binary toxin) by strains of Clostridium difficile. FEMS Microbiol. Lett. 2000, 186,
307–312. [CrossRef] [PubMed]
5. Songer, J.G. Clostridial enteric diseases of domestic animals. Clin. Microbiol. Rev. 1996, 9, 216–234. [PubMed]
6. Stiles, B.G.; Wilkins, T.D. Purification and characterization of Clostridium perfringens iota toxin: Dependence
on two nonlinked proteins for biological activity. Infect. Immun. 1986, 54, 683–688. [PubMed]
7. Stiles, B.G.; Wilkins, T.D. Clostridium perfringens iota toxin: Synergism between two proteins. Toxicon Off. J.
Int. Soc.Toxinol. 1986, 24, 767–773. [CrossRef]
8. Sakurai, J.; Nagahama, M.; Oda, M.; Tsuge, H.; Kobayashi, K. Clostridium perfringens iota-toxin: Structure
and function. Toxins 2009, 1, 208–228. [CrossRef] [PubMed]
9. Aktories, K.; Bärmann, M.; Ohishi, I.; Tsuyama, S.; Jakobs, K.H.; Habermann, E. Botulinum C2 toxin
ADP-ribosylates actin. Nature 1986, 322, 390–392. [CrossRef] [PubMed]
10. Ohishi, I.; Iwasaki, M.; Sakaguchi, G. Purification and characterization of two components of botulinum C2
toxin. Infect. Immun. 1980, 30, 668–673. [PubMed]
11. Ohishi, I.; Tsuyama, S. ADP-ribosylation of nonmuscle actin with component I of C2 toxin. Biochem. Biophys.
Res. Commun. 1986, 136, 802–806. [CrossRef]
12. Barth, H.; Aktories, K.; Popoff, M.R.; Stiles, B.G. Binary bacterial toxins: Biochemistry, biology, and
applications of common Clostridium and Bacillus proteins. Microbiol. Mol. Biol. Rev. 2004, 8, 373–402.
[CrossRef] [PubMed]
13. Barth, H.; Aktories, K. New insights into the mode of action of the actin ADP-ribosylating virulence factors
Salmonella enterica SpvB and Clostridium botulinum C2 toxin. Eur. J. Cell Biol. 2011, 90, 944–950. [CrossRef]
[PubMed]
14. Barth, H.; Blöcker, D.; Behlke, J.; Bergsma-Schutter, W.; Brisson, A.; Benz, R.; Aktories, K. Cellular uptake
of Clostridium botulinum C2 toxin requires oligomerization and acidification. J. Biol. Chem. 2000, 275,
18704–18711. [CrossRef] [PubMed]
15. Blöcker, D.; Behlke, J.; Aktories, K.; Barth, H. Cellular uptake of the binary Clostridium perfringens iota-toxin.
Infect. Immun. 2001, 69, 2980–2987. [CrossRef] [PubMed]
16. Stiles, B.G.; Hale, M.L.; Marvaud, J.C.; Popoff, M.R. Clostridium perfringens iota toxin: Binding studies
and characterization of cell surface receptor by fluorescence-activated cytometry. Infect. Immun. 2000, 68,
3475–3484. [CrossRef] [PubMed]
17. Stiles, B.G.; Hale, M.L.; Marvaud, J.C.; Popoff, M.R. Clostridium perfringens iota toxin: Characterization of the
cell-associated iota b complex. Biochem. J. 2002, 367, 801–808. [CrossRef] [PubMed]
18. Papatheodorou, P.; Carette, J.E.; Bell, G.W.; Schwan, C.; Guttenberg, G.; Brummelkamp, T.R.; Aktories, K.
Lipolysis-stimulated lipoprotein receptor (LSR) is the host receptor for the binary toxin Clostridium difficile
transferase (CDT). Proc. Natl. Acad. Sci. USA 2011, 108, 16422–16427. [CrossRef] [PubMed]
19. Papatheodorou, P.; Wilczek, C.; Nölke, T.; Guttenberg, G.; Hornuss, D.; Schwan, C.; Aktories, K. Identification
of the cellular receptor of Clostridium spiroforme toxin. Infect. Immun. 2012, 80, 1418–1423. [CrossRef]
[PubMed]
20. Papatheodorou, P.; Hornuss, D.; Nölke, T.; Hemmasi, S.; Castonguay, J.; Picchianti, M.; Aktories, K.
Clostridium difficile binary toxin CDT induces clustering of the lipolysis-stimulated lipoprotein receptor
into lipid rafts. MBio 2013, 4. [CrossRef] [PubMed]
Toxins 2016, 8, 101 12 of 14
21. Wigelsworth, D.J.; Ruthel, G.; Schnell, L.; Herrlich, P.; Blonder, J.; Veenstra, T.D.; Carman, R.J.; Wilkins, T.D.;
van Nhieu, G.T.; Pauillac, S.; et al. CD44 promotes intoxication by the clostridial iota-family toxins. PLoS ONE
2012, 7, e51356. [CrossRef] [PubMed]
22. Eckhardt, M.; Barth, H.; Blöcker, D.; Aktories, K. Binding of Clostridium botulinum C2 toxin to
asparagine-linked complex and hybrid carbohydrates. J. Biol. Chem. 2000, 275, 2328–2334. [CrossRef]
[PubMed]
23. Blöcker, D.; Pohlmann, K.; Haug, G.; Bachmeyer, C.; Benz, R.; Aktories, K.; Barth, H. Clostridium botulinum
C2 toxin: Low pH-induced pore formation is required for translocation of the enzyme component C2I into
the cytosol of host cells. J. Biol. Chem. 2003, 278, 37360–37367. [CrossRef] [PubMed]
24. Schmid, A.; Benz, R.; Just, I.; Aktories, K. Interaction of Clostridium botulinum C2 toxin with lipid bilayer
membranes. Formation of cation-selective channels and inhibition of channel function by chloroquine.
J. Biol. Chem. 1994, 269, 16706–16711. [PubMed]
25. Bachmeyer, C.; Benz, R.; Barth, H.; Aktories, K.; Gilbert, M.; Popoff, M.R. Interaction of C2 toxin with lipid
bilayer membranes and Vero cells: Inhibition of channel function by chloroquine and related compounds
in vitro and intoxification in vivo. FASEB J. 2001, 15, 1658–1660. [CrossRef] [PubMed]
26. Blöcker, D.; Bachmeyer, C.; Benz, R.; Aktories, K.; Barth, H. Channel formation by the binding component of
Clostridium botulinum C2 toxin: Glutamate 307 of C2II affects channel properties in vitro and pH-dependent
C2I translocation in vivo. Biochemistry 2003b, 42, 5368–5377. [CrossRef] [PubMed]
27. Lang, A.E.; Neumeyer, T.; Sun, J.; Collier, R.J.; Benz, R.; Aktories, K. Amino acid residues involved in
membrane insertion and pore formation of Clostridium botulinum C2 toxin. Biochemistry 2008, 47, 8406–8413.
[CrossRef] [PubMed]
28. Schleberger, C.; Hochmann, H.; Barth, H.; Aktories, K.; Schulz, G.E. Structure and action of the binary C2
toxin from Clostridium botulinum. J. Mol. Biol. 2006, 364, 705–715. [CrossRef] [PubMed]
29. Knapp, O.; Benz, R.; Gibert, M.; Marvaud, J.C.; Popoff, M.R. Interaction of the binding component of
Clostridium perfringens iota-toxin with lipid bilayer membranes: Demonstration of channel formation by the
activated binding component Ib and channel block by the enzyme component Ia. J. Biol. Chem. 2002, 277,
6143–6152. [CrossRef] [PubMed]
30. Gibert, M.; Marvaud, J.C.; Pereira, Y.; Hale, M.L.; Stiles, B.G.; Boquet, P.; Lamaze, C.; Popoff, M.R. Differential
requirement for the translocation of clostridial binary toxins: Iota toxin requires a membrane potential
gradient. FEBS Lett. 2007, 581, 1287–1296. [CrossRef] [PubMed]
31. Haug, G.; Wilde, C.; Leemhuis, J.; Meyer, D.K.; Aktories, K.; Barth, H. Cellular uptake of Clostridium botulinum
C2 toxin: Membrane translocation of a fusion toxin requires unfolding of its dihydrofolate reductase domain.
Biochemistry 2003, 42, 15284–15291. [CrossRef] [PubMed]
32. Haug, G.; Leemhuis, J.; Tiemann, D.; Meyer, D.K.; Aktories, K.; Barth, H. The host cell chaperone Hsp90 is
essential for translocation of the binary Clostridium botulinum C2 toxin into the cytosol. J. Biol. Chem. 2003,
278, 32266–32274. [CrossRef] [PubMed]
33. Haug, G.; Aktories, K.; Barth, H. The host cell chaperone Hsp90 is necessary for cytotoxic action of the binary
iota-like toxins. Infect. Immun. 2004, 72, 3066–3068. [CrossRef] [PubMed]
34. Kaiser, E.; Pust, S.; Kroll, C.; Barth, H. Cyclophilin A facilitates translocation of the Clostridium botulinum C2
toxin across membranes of acidified endosomes into the cytosol of mammalian cells. Cell. Microbiol. 2009, 11,
780–795. [CrossRef] [PubMed]
35. Kaiser, E.; Kroll, C.; Ernst, K.; Schwan, C.; Popoff, M.R.; Fischer, G.; Buchner, J.; Aktories, K.;
Barth, H. Membrane translocation of binary actin-ADP-ribosylating toxins from Clostridium difficile and
Clostridium perfringens is facilitated by cyclophilin A and Hsp90. Infect. Immun. 2011, 79, 3913–3921.
[CrossRef] [PubMed]
36. Kaiser, E.; Böhm, N.; Ernst, K.; Langer, S.; Schwan, C.; Aktories, K.; Popoff, M.R.; Fischer, G.; Barth, H.
FK506-binding protein 51 interacts with Clostridium botulinum C2 toxin and FK506 blocks membrane
translocation of the toxin in mammalian cells. Cell. Microbiol. 2012, 4, 1193–1205. [CrossRef] [PubMed]
37. Ernst, K.; Langer, S.; Kaiser, E.; Osseforth, C.; Michaelis, J.; Popoff, M.R.; Schwan, C.; Aktories, K.; Kahlert, V.;
Malesevic, M.; et al. Cyclophilin-facilitated membrane translocation as pharmacological target to prevent
intoxication of mammalian cells by binary clostridial actin ADP-ribosylating toxins. J. Mol. Biol. 2015, 427,
1224–1238. [CrossRef] [PubMed]
Toxins 2016, 8, 101 13 of 14
38. Gülke, I.; Pfeifer, G.; Liese, J.; Fritz, M.; Hofmann, F.; Aktories, K.; Barth, H. Characterization of the enzymatic
component of the ADP-ribosyltransferase toxin CDTa from Clostridium difficile. Infect. Immun. 2001, 69,
6004–6011. [CrossRef] [PubMed]
39. Aktories, K.; Wegner, A. ADP-ribosylation of actin by clostridial toxins. J. Cell Biol. 1989, 109, 1385–1387.
[CrossRef] [PubMed]
40. Vandekerckhove, J.; Schering, B.; Bärmann, M.; Aktories, K. Clostridium perfringens iota toxin ADP-ribosylates
skeletal muscle actin in Arg-177. FEBS Lett. 1987, 225, 48–52. [CrossRef]
41. Vandekerckhove, J.; Schering, B.; Bärmann, M.; Aktories, K. Botulinum C2 toxin ADP-ribosylates cytoplasmic
beta/gamma-actin in arginine 177. J. Biol. Chem. 1988, 263, 696–700. [PubMed]
42. Schering, B.; Bärmann, M.; Chhatwal, G.S.; Geipel, U.; Aktories, K. ADP-ribosylation of skeletal muscle
and non-muscle actin by Clostridium perfringens iota toxin. Eur. J. Biochem. 1988, 171, 225–229. [CrossRef]
[PubMed]
43. Barth, H.; Preiss, J.C.; Hofmann, F.; Aktories, K. Characterization of the catalytic site of the
ADP-ribosyltransferase Clostridium botulinum C2 toxin by site-directed mutagenesis. J. Biol. Chem. 1998, 273,
29506–29511. [CrossRef] [PubMed]
44. Perelle, S.; Domenighini, M.; Popoff, M.R. Evidence that Arg-295, Glu-378, and Glu-380 are active-site
residues of the ADP-ribosyltransferase activity of iota toxin. FEBS Lett. 1996, 2–3, 191–194. [CrossRef]
45. Tsuge, H.; Nagahama, M.; Oda, M.; Iwamoto, S.; Utsunomiya, H.; Marquez, V.E.; Katunuma, N.;
Nishizawa, M.; Sakurai, J. Structural basis of actin recognition and arginine ADP-ribosylation by
Clostridium perfringens iota-toxin. Proc. Natl. Acad. Sci. USA 2008, 105, 7399–7404. [CrossRef] [PubMed]
46. Wegner, A.; Aktories, K. ADP-ribosylated actin caps the barbed ends of actin filaments. J. Biol. Chem. 1988,
263, 13739–13742. [PubMed]
47. Weigt, C.; Just, I.; Wegner, A.; Aktories, K. Nonmuscle actin ADP-ribosylated by botulinum C2 toxin caps
actin filaments. FEBS Lett. 1989, 246, 181–184. [CrossRef]
48. Wiegers, W.; Just, I.; Müller, H.; Hellwig, A.; Traub, P.; Aktories, K. Alteration of the cytoskeleton of
mammalian cells cultured in vitro by Clostridium botulinum C2 toxin and C3 ADP-ribosyltransferase. Eur. J.
Cell Biol. 1991, 54, 237–245. [PubMed]
49. Schwan, C.; Stecher, B.; Tzivelekidis, T.; van Ham, M.; Rohde, M.; Hardt, W.D.; Wehland, J.; Aktories, K.
Clostridium difficile toxin CDT induces formation of microtubule-based protrusions and increases adherence
of bacteria. PLoS Pathog. 2009, 5, e1000626. [CrossRef] [PubMed]
50. Schwan, C.; Kruppke, A.S.; Nölke, T.; Schumacher, L.; Koch-Nolte, F.; Kudryashev, M.; Stahlberg, H.;
Aktories, K. Clostridium difficile toxin CDT hijacks microtubule organization and reroutes vesicle traffic to
increase pathogen adherence. Proc. Natl. Acad. Sci. USA 2014, 111, 2313–2318. [CrossRef] [PubMed]
51. Heine, K.; Pust, S.; Enzenmüller, S.; Barth, H. ADP-ribosylation of actin by Clostridium botulinum C2 toxin
in mammalian cells results in delayed caspase-dependent apoptotic cell death. Infect. Immun. 2008, 76,
4600–4608. [CrossRef] [PubMed]
52. Hilger, H.; Pust, S.; von Figura, G.; Stiles, B.G.; Popoff, M.R.; Barth, H. Long-lived nature of
Clostridium perfingens iota toxin in the cytosol of mammalian cells correlates with toxin-induced apoptosis.
Infect. Immun. 2009, 77, 5593–5601. [CrossRef] [PubMed]
53. Heinlen, L.; Ballard, J.D. Clostridium difficile infection. Am. J. Med. Sci. 2010, 340, 247–252. [CrossRef]
[PubMed]
54. Just, I.; Selzer, J.; Wilm, M.; von Eichel-Streiber, C.; Mann, M.; Aktories, K. Glucosylation of Rho proteins by
Clostridium difficile toxin B. Nature 1995, 375, 500–503. [CrossRef] [PubMed]
55. Just, I.; Wilm, M.; Selzer, J.; Rex, G.; von Eichel-Streiber, C.; Mann, M.; Aktories, K. The enterotoxin from
Clostridium difficile (ToxA) monoglucosylates the Rho proteins. J. Biol. Chem. 1995, 270, 13932–13936.
[CrossRef] [PubMed]
56. Jank, T.; Aktories, K. Structure and mode of action of clostridial glucosylating toxins: The ABCD model.
Trends Microbiol. 2008, 16, 222–229. [CrossRef] [PubMed]
57. Geric, B.; Rupnik, M.; Gerding, D.N.; Grabnar, M.; Johnson, S. Distribution of Clostridium difficile
variant toxinotypes and strains with binary toxin genes among clinical isolates in an American hospital.
J. Med. Microbiol. 2004, 53, 887–894. [CrossRef] [PubMed]
Toxins 2016, 8, 101 14 of 14
58. Goncalves, C.; Decre, D.; Barbut, F.; Burghoffer, B.; Petit, J.C. Prevalence and characterization of a binary
toxin (actin-specific ADP-ribosyltransferase) from Clostridium difficile. J. Clin. Microbiol. 2004, 42, 1933–1939.
[CrossRef] [PubMed]
59. McDonald, L.C.; Killgore, G.E.; Thompson, A.; Owens, R.C., Jr.; Kazakova, S.V.; Sambol, S.P.; Johnson, S.;
Gerding, D.N. An epidemic, toxin gene-variant strain of Clostridium difficile. N. Engl. J. Med. 2005, 353,
2433–2441. [CrossRef] [PubMed]
60. Martin, H.; Willey, B.; Low, D.E.; Staempfli, H.R.; McGeer, A.; Boerlin, P.; Mulvey, M.; Weese, J.S.
Characterization of Clostridium difficile strains isolated from patients in Ontario, Canada, from 2004 to
2006. J. Clin. Microbiol. 2008, 46, 2999–3004. [CrossRef] [PubMed]
61. Kuehne, S.A.; Collery, M.M.; Kelly, M.L.; Cartman, S.T.; Cockayne, A.; Minton, N.P. Importance of toxin
A, toxin B, and CDT in virulence of an epidemic Clostridium difficile strain. J. Infect. Dis. 2014, 209, 83–86.
[CrossRef] [PubMed]
62. Young, J.A.; Collier, R.J. Anthrax toxin: Receptor binding, internalization, pore formation, and translocation.
Annu. Rev. Biochem. 2007, 76, 243–265. [CrossRef] [PubMed]
63. Gillespie, E.J.; Ho, C.L.; Balaji, K.; Clemens, D.L.; Deng, G.; Wang, Y.E.; Elsaesser, H.J.; Tamilselvam, B.;
Gargi, A.; Dixon, S.D.; et al. Selective inhibitor of endosomal trafficking pathways exploited by multiple
toxins and viruses. Proc. Natl. Acad. Sci. USA 2013, 110, E4904–E4912. [CrossRef] [PubMed]
64. Tehran, D.A.; Zanetti, G.; Leka, O.; Lista, F.; Fillo, S.; Binz, T.; Shone, C.C.; Rossetto, O.; Montecucco, C.;
Paradisi, C.; et al. A novel inhibitor prevents the peripheral neuroparalysis of botulinum neurotoxins.
Sci. Rep. 2015, 5. [CrossRef]
65. Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680–685. [CrossRef] [PubMed]
© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
